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UHYHDOHG WKDW WKH UHVXOWDQW PLFURVWUXFWXUH DQG PDWHULDO VWUHQJWK RI WKH ZHOG KLJK GHSHQGHG RQ WKH














]RQH 7KH WKHUPDO FRQWDFW FRQGXFWDQFH EHWZHHQ WKLQPHWDO VKHHWV ZDV GHWHUPLQHG DV D IXQFWLRQ RI
FRQWDFWSUHVVXUH&KHQHWDO7KHUHDOWLPHWHPSHUDWXUHDQGKHDWIOX[FKDQJHKDYHEHHQPHDVXUHG
DQGPRQLWRUHGQHDUWKHZHOG]RQHXVLQJWKLQILOPWKHUPRFRXSOHV=KDRHWDODQGWKLQILOPPLFUR




0DWHULDOV RIWHQ GHPRQVWUDWH D VLJQLILFDQW VRIWHQLQJ SKHQRPHQRQ XQGHU XOWUDVRQLF ORDGLQJ 7KH
VRIWHQLQJ HIIHFW GXULQJ XOWUDVRQLF VSRW ZHOGLQJ LV FRQVLGHUHG LQ WZR PDLQ PHFKDQLVPV RI WKHUPDO
VRIWHQLQJDQGDFRXVWLFVRIWHQLQJ7KHUPDOVRIWHQLQJLVDWWULEXWHGWRWKHIULFWLRQDOKHDWJHQHUDWLRQIURP
WKHKLJK IUHTXHQF\ YLEUDWLRQ7KH WKHUPDO HQHUJ\ LV XQLIRUPO\ DEVRUEHGE\ WKHPHWDOPDWHULDO7KH
DFRXVWLF VRIWHQLQJ FRQWULEXWHVPRUH RQ WKH IORZ VWUHVV UHGXFWLRQ7KH DFRXVWLF HQHUJ\ JHQHUDWHG E\





GXULQJ XOWUDVRQLF VSRW ZHOGLQJ (ODQJRYDQ HW DO  GHYHORSHG D WZRGLPHQVLRQDO ' ILQLWH
HOHPHQW )(PRGHO IRUXOWUDVRQLFZHOGLQJRIGLVVLPLODUPDWHULDOV ,Q WKHLUPRGHO WKHHIIHFWLYHKHDW
JHQHUDWLRQWHUPVZHUHDGRSWHGIURPDSUHYLRXVVWXG\'H9ULHVIRUPRGHOLQJKHDWJHQHUDWLRQ
GXH WR GHIRUPDWLRQ DQG IULFWLRQ XQGHU XOWUDVRQLF YLEUDWLRQ' /HH HW DO  GHYHORSHG D WKUHH
GLPHQVLRQDO ' WKHUPRPHFKDQLFDO )( PRGHO DQG XVHG D FRPELQHG H[SOLFLWLPSOLFLW PXOWLVWHS
QXPHULFDODSSURDFKWRSUHGLFWXOWUDVRQLFVSRWZHOGLQJRIPXOWLVKHHWGLVVLPLODUPDWHULDOV$ODQG&X
+RZHYHU WKH DFRXVWLF VRIWHQLQJ HIIHFW RQ PDWHULDO IORZ VWUHVV XQGHU XOWUDVRQLF ORDGLQJ ZDV QRW
FRQVLGHUHGLQWKHVHDIRUHPHQWLRQHGVWXGLHV
6LGGLT DQG *KDVVHPLHK  GHYHORSHG D PDWHULDO SKHQRPHQRORJLFDO FRQVWLWXWLYH PRGHO WR
FRQVLGHUWKHDFRXVWLFVRIWHQLQJHIIHFWLQWKHFRPELQHGLVRWURSLFNLQHPDWLFKDUGHQLQJPRGHOXQGHUF\FOLF
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
ORDGLQJ 7KLV PRGHO ZDV VXFFHVVIXOO\ LPSOHPHQWHG LQ D ' WKHUPRPHFKDQLFDO )( PRGHO IRU DQ
XOWUDVRQLFVHDPZHOGLQJSURFHVVRI$ODOO\XVLQJDVRQRWURGHZLWKVPRRWKF\OLQGULFDOVXUIDFH7KH
WHPSHUDWXUHGHSHQGHQW IULFWLRQ FRHIILFLHQW ZDV FDOLEUDWHG DQG DSSOLHG WR SUHGLFW WKH IULFWLRQDO KHDW

















DSSURDFKHV LQ OLWHUDWXUHDUHQRWFDSDEOH WRVLPXODWH WKHFRPSOH[ZHOGIRUPDWLRQDQGPLFURVWUXFWXUDO
HYROXWLRQIRUWKHXOWUDVRQLFVSRWZHOGLQJSURFHVV
2XU SUHVHQW VWXG\ LV WR GHYHORS D SUHGLFWLYH PHWDOORWKHUPRPHFKDQLFDOO\ FRXSOHG PRGHO WR
VLPXODWH VHYHUH SODVWLF GHIRUPDWLRQ DQG PLFURVWUXFWXUDO FKDQJH GXULQJ WKH XOWUDVRQLF VSRW ZHOGLQJ
SURFHVV IRUEDWWHU\ WDEV0XOWLSOH'FRXSOHG WKHUPRPHFKDQLFDO)(VLPXODWLRQVDUHFRQGXFWHGZLWK
'()250 WRVLPXODWH WKHGHIRUPHGZHOGVKDSHDQG WHPSHUDWXUHFKDQJHDIWHUGLIIHUHQWSURFHVV




7KH SULQFLSOH RI WKH XOWUDVRQLF ZHOGLQJ LV
GLVFXVVHG EDVHG RQ D V\VWHPDWLF H[SHULPHQWDO
VWXG\ FDUULHG RXW E\ /HH HW DO  ,Q WKHLU
H[SHULPHQWDOVWXG\RIXOWUDVRQLFZHOGLQJIRUWDE





WKLFNQHVV UHVSHFWLYHO\ 7KH ERWWRP VKHHW ZDV
SODWHG E\ D WKLQ 1L OD\HU a ȝP WKLFN 7KH
XOWUDVRQLF YLEUDWLRQ ZDV LPSOHPHQWHG LQ WKH
ZRUNSLHFHWUDQVYHUVHGLUHFWLRQZLWKDQDPSOLWXGH
RI  ȝP DW  N+] IUHTXHQF\ 7KH FODPSLQJ
IRUFHZDVDSSOLHGDORQJWKHYHUWLFDOGLUHFWLRQDQG
YDULHG IURP  WR  SVL0XOWLSOH H[SHULPHQWV
ZHUHSHUIRUPHGIRUGLIIHUHQWZHOGLQJWLPHIURP
WRVHF'LIIHUHQWNQXUODQGDQYLOSDWWHUQV










































VHF WKH JUDLQ VL]H RI DERXW  PZDV REWDLQHG $V WKH ZHOGLQJ WLPH LQFUHDVHG WR DERYH  VHF
VLJQLILFDQWJUDLQJURZWKWRPRFFXUUHG$IWHUZHOGLQJWLPHRIVHFDVPDOOJUDLQVL]HRIP





WKLV GLIIHUHQFH LQ JUDLQ VL]H EHWZHHQ WKH WRS DQG
ERWWRP FRXSRQV VWDUWHG WR GLPLQLVK GXULQJ JUDLQ
JURZWKXQGHUDORQJHUZHOGLQJWLPHGXUDWLRQ
)LJ  VKRZV WKH PLFURKDUGQHVV DW GLIIHUHQW
ORFDWLRQVRQ WKH FURVVVHFWLRQHGRIZHOG MRLQWV IURP
WKHVH H[SHULPHQWV 7KH PLFURLQGHQWDWLRQ KDUGQHVV
WHVWVZHUHSHUIRUPHGRQWKH\HOORZVSRWV$VODEHOHG
LQ )LJ  YDOOH\ LV GHQRWHG DV WKH PRUH SODVWLFDOO\
GHIRUPHGGRPDLQXQGHU WKH WLSRI WKHNQXUOLQJ WRRO
ZKLOH WKH SHDN LV WKH OHVV GHIRUPHG GRPDLQ
6LJQLILFDQW KDUGQHVV LQFUHDVHV FDQ EH REVHUYHG IRU
VSHFLPHQVPDGHIURPDVKRUWZHOGLQJWLPHGXUDWLRQRI





























RI WKH IORZ VWUHVV WRD VWHDG\VWDWH OHYHO$V WKHZHOGLQJ WLPHGXUDWLRQ LQFUHDVHG WR VHF WKH
SURFHVVLQJWHPSHUDWXUHZRXOGEHFRPHHYHQKLJKHU$VWKHFRPSOHWLRQRIUHFU\VWDOOL]DWLRQJUDLQJURZWK















x )RU5HJLPH ,,, XQGHU D KLJK SURFHVVLQJ WHPSHUDWXUH'5; DQG VXEVHTXHQW JUDLQ JURZWK DUH
K\SRWKHVL]HGDVWKHGRPLQDQWPHFKDQLVPVIRUPLFURVWUXFWXUDOHYROXWLRQDVZHOODVPDWHULDOIORZ
VWUHVVUHVSRQVH





7R VWXG\ WKH PLFURVWUXFWXUDO HYROXWLRQ GXULQJ WKH XOWUDVRQLF ZHOGLQJ DQG VXEVHTXHQW FRROLQJ
SURFHVV D ' PHWDOORWKHUPRPHFKDQLFDOO\ FRXSOHG PRGHO ZDV GHYHORSHG ZLWK D FRPPHUFLDO )(
VRIWZDUHSDFNDJHRI'()250$PDWHULDOFRQVWLWXWLYHPRGHOZDVLPSOHPHQWHGWRFDOFXODWHWKH









ߝ ൌ ߝ௘௟ ൅ ߝ௣௟        
)ORZVWUHVVHVDWDQ\VWHSRIWKHVLPXODWLRQDUHFDOFXODWHGXVLQJWKHHODVWLFVWUHVVVWUDLQUHODWLRQ
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ZKHUHܦ௘௟ LVWKHHODVWLFLW\WHQVRU7KHQWKH\LHOGIXQFWLRQFULWHULRQLVJLYHQE\
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





݀ߝ௣௟ ൌ ݀ߣ డிడఙ        
ZKHUH݀ߣLVSODVWLFPXOWLSOLHUZKLFKVDWLVILHVWKHIROORZLQJ.XKQ7XFNHUW\SHFRQVLVWHQF\FRQGLWLRQV
ܨ ൑ ͲǢ ݀ߣ ൒ ͲǢ ݀ߣǤ ܨ ؆ Ͳ       
7KHH[SDQVLRQRI\LHOGVXUIDFHGXHWRLVRWURSLFKDUGHQLQJFDQEHH[SUHVVHGDVDQH[SRQHQWLDOIXQFWLRQ
RIDFFXPXODWHGSODVWLFVWUDLQ6LGGLTDQG6D\HG
ܴ ൌ ܳሺͳ െ ݁ି௕ఌ೛೗ሻ        
ZKHUH4 DQGE DUHPDWHULDO FRQVWDQWV4 LV WKHPD[LPXP FKDQJH RI \LHOG VXUIDFH GXH WR LVRWURSLF
KDUGHQLQJ DQGE LV WKH UDWH DWZKLFK \LHOG VXUIDFH FKDQJHVZLWK DFFXPXODWHG SODVWLF VWUDLQߝ௣௟  )RU
QRQOLQHDUNLQHPDWLFKDUGHQLQJWKHUDWHRIEDFNVWUHVVĮLVJLYHQE\
ߙሶ ൌ ܥ ଵఙబ ሺߪ െ ߙሻߝሶ
௣௟ െ ߛߙߝሶ௣௟       
ZKHUH&DQGȖDUHPDWHULDOFRQVWDQWVIURPF\FOLFWHVWLQJ&VWDQGVIRUWKHNLQHPDWLFVKLIWRI\LHOGVXUIDFH
DQGȖ VWDQGV IRU WKHUDWHDWZKLFK VDWXUDWLRQYDOXHRINLQHPDWLFKDUGHQLQJGHFUHDVHVZLWK LQFUHDVLQJ
SODVWLFVWUDLQߪ଴ ൌ ߪ௬ ൅ ܴZLWKߪ௬LVWKH\LHOGVWUHVVIRU]HURSODVWLFVWUDLQ7KHEDFNVWUHVVĮFDQEH
LQWHJUDWHGIURP(TIRUXQLD[LDOFDVH
ߙ ൌ ܥ ଵఊ ቀͳ െ ݁ିఊఌ
೛೗ቁ ൅ ߙଵǤ ݁ିఊఌ೛೗      
ZKHUHߙଵLVREWDLQHGIURPVWDELOL]HGF\FOHDQGLVJLYHQE\ߙଵ ൌ ߪଵ െߪ௦ZLWKߪଵLVWKHVWUHVVDWWKHVWDUW
RIWKHVWDELOL]HGF\FOHDQGߪ௦LVWKH\LHOGVWUHVVDWVWDELOL]HGF\FOH
ߪ௦ ൌ  ఙభାఙ೙ଶ          
ZKHUHߪଵDQGߪ௡DUHWKHVWUHVVDWWKHVWDUWDQGHQGRIVWDELOL]HGF\FOH
$SKHQRPHQRORJLFDO VRIWHQLQJ WHUPሾሺͳ െ ݀ܧ௨ሻ௘@GHSHQGHQWXSRQ WKHXOWUDVRQLFHQHUJ\GHQVLW\
SHU XQLW WLPH KDV EHHQ LQWURGXFHG LQ WKH UHODWLRQV RI LVRWURSLF DQG NLQHPDWLF KDUGHQLQJ WHUPV WR
GHPRQVWUDWHWKHXOWUDVRQLFVRIWHQLQJHIIHFWRQ\LHOGVWUHVV6LGGLTDQG*KDVVHPLHK7KHWKHUPDO
VRIWHQLQJ LV LQFOXGHG LQ WKH IORZ VWUHVV PRGHO E\ HPEHGGLQJ WKH WHPSHUDWXUH WHUP RI




ܴ௨௟௧௥௦௢௡௜௖ ൌ ቂܳሺͳ െ ݁ି௕ఌ೛೗ሻቃ ቂͳ െ ቀ ்ି ೝ்೘்ି ೝ்ቁ
௠ቃ ሾሺͳ െ ݀ܧ௨ሻ௘ሿ   
ߙ௨௟௧௥௦௢௡௜௖ ൌ  ቂ஼ఊ ቀͳ െ ݁ିఊఌ
೛೗ቁ ൅ ߙଵǤ ݁ିఊఌ೛೗ቃ ቂͳ െ ቀ ்ି ೝ்೘்ି ೝ்ቁ





ZHOGLQJ6LGGLTDQG*KDVVHPLHK(XZDVDGRSWHGDVǤ ͷ ൈ ͳͲହ:PIRUWKHWRSFRXSRQZKLOH
DVPDOOHU(XRIǤ ͳ ൈ ͳͲସ:PZDVDFFHVVHGIRUWKHERWWRPFRXSRQVXEMHFWHGWROHVVDFRXVWLFVRIWHQLQJ
7KHERWWRPFRXSRQZDVUHODWLYHO\IDUDZD\IURPWKHNQXUOLQJWRROZKLFKZDVPRXQWHGRQWKHXOWUDVRQLF
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 0RGHOLQJIRU0LFURVWUXFWXUDO(YROXWLRQ







FDQEH HYDOXDWHGEDVHGRQ WKHGHIRUPDWLRQSURFHVV VWDWH YDULDEOHV 6KHQ HW DO DE7KH
















$ NLQHWLF PRGHO ZDV GHYHORSHG WR FDSWXUH WKH PLFURVWUXFWXUDO HYROXWLRQ GXULQJ D ZDUPKRW
GHIRUPDWLRQSURFHVV7KHSURJUHVVRI'5; LVFKDUDFWHUL]HGDV WKHFKDQJHRI WKHYROXPH IUDFWLRQRI
'5;<DQDJLPRWRHWDO7KH'5;NLQHWLFPRGHOLVGHILQHGE\'()250
ߝ௖ ൌ ܽଶߝ௣         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
ZKHUHİFLV WKHFULWLFDO VWUDLQ IRU WKHRQVLWHRI'5;İSLV WKHSHDNVWUHVV VWUDLQFRUUHVSRQGLQJ WR WKH








݀ ൌ ݀௢ െ ሺ݀௢ െ ݀஽ோ௑ሻܺ஽ோ௑       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݀஽ோ௑ ൌ ଼ܽ݀௢ߝሶ௠ఴ݁ݔ݌ ቀொఴோ்ቁ       
ZKHUHG'5;LVWKHSUHGLFWHGJUDLQVL]HDIWHU'5;
$VUHFU\VWDOOL]DWLRQFRPSOHWHVJUDLQJURZWKZRXOGWDNHSODFHWRUHGXFHWKHJUDLQERXQGDU\DUHDSHU
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ߤ ൌ ߤ଴ሺͺǤͶͺͷͳͲെͳͲܶସ െ ͺǤͺͶʹͳͲെ͹ܶଷ ൅ ͳǤͻ͸ͻͳͲെͶܶଶ െ ͻǤ͹͸ʹͳͲെ͵ܶ ൅ ͳǤͳʹሻ 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ZKHUHȝRHTXDOVWRZKLFKLVWKHNLQHWLFIULFWLRQFRHIILFLHQWDWURRPWHPSHUDWXUHEHWZHHQFRSSHU
DQGVWHHO5DELQRZLF]







D QDWXUDO FRQYHFWLRQ :P. DSSOLHG DIWHU WKH ZHOGLQJ VWHS )RU WKH H[SHULPHQWV ZLWK ORQJHU
ZHOGLQJWLPHGXUDWLRQVRIDQGVHFWKHVLPXODWHGWKHUPDOKLVWRU\IRUERWKZHOGLQJDQGFRROLQJ
VWHSV ZDV XVHG WR SUHGLFW WKH ILQDO JUDLQ VL]H GXH WR JUDLQ JURZWK $ SRVWSURFHVVLQJ XVHU URXWLQH











VWUHVV LQ WKH WRS VKHHW ZDV ORZHU WKDQ WKDW RI WKH ERWWRP VKHHW 7KLV ZDV UHVXOWHG IURP GLIIHUHQW
PDJQLWXGHV RI DFRXVWLF VRIWHQLQJ 0RUH DFRXVWLF VRIWHQLQJ ZDV DSSOLHG LQ WKH WRS VKHHW EHFDXVH
VLJQLILFDQWO\PRUHXOWUDVRQLFHQHUJ\ZDVDEVRUEHGLQWKHWRSVKHHW















EH VHHQ LQ )LJ 7KH WHPSHUDWXUH KLVWRULHV DW WKHVH WKHUPRFRXSOH ORFDWLRQVZHUH WUDFNHG IURP WKH
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
)LJ E VXPPDUL]HV WKH SUHGLFWHG SURFHVV WHPSHUDWXUHV DQGPLFURVWUXFWXUDO HYROXWLRQ UHJLPHV














SUHGLFWLRQV VKRZPRUH FRPSDFWHG MRLQWZLWKZHOGLQJ WLPH LQFUHDVLQJ/DUJHU NQXUOLQJ LQGHQWVZHUH
SUHGLFWHG LQ WKH WRS VKHHWV WKDQ WKH ERWWRP VKHHW 7KHVH PRGHOLQJ UHVXOWV PDWFKHG ZHOO ZLWK WKH


















ORFDO FKDQJH RI ZHOG LQWHUIDFH HJ LQWHUORFN IRUPDWLRQ EHWZHHQ WKH OD\HUV DQGPDWHULDO GLIIXVLRQ






7KH PLFURVWUXFWXUDO HYROXWLRQ PHFKDQLVPV IRU XOWUDVRQLF VSRW ZHOGLQJ ZHUH IRU WKH ILUVW WLPH








WKDW WKH SURFHVV WHPSHUDWXUH GXULQJ XOWUDVRQLF ZHOGLQJ ZDV KLJKO\ GHSHQGHQW RQ WKH ZHOGLQJ WLPH
GXUDWLRQ)RUZHOGLQJWLPHGXUDWLRQORQJHUWKDQVHFZHOGPDWHULDOXQGHUZHQWWKUHHGLIIHUHQWVWDJHV































'()250 9 3& 'RFXPHQWDWLRQ  QG  6FLHQWLILF )RUPLQJ 7HFKQRORJLHV &RUSRUDWLRQ
&ROXPEXV2+




















/DQJHQHFNHU % :RUNVRIWHQLQJ RI PHWDO FU\VWDOV E\ DOWHUQDWLQJ WKH UDWH RI JOLGH VWUDLQ $FWD








/HH 66.LP7++X 6-&DL::$EHOO -$$QDO\VLV RI:HOG )RUPDWLRQ LQ0XOWLOD\HU
8OWUDVRQLF0HWDO:HOGLQJ8VLQJ+LJK6SHHG,PDJHV$60(-RXUQDORI0DQXIDFWXULQJ6FLHQFH
DQG(QJLQHHULQJ













6KHQ 1 'LQJ + %RZHUV 5 <X < 3HQFH &1 2]ERODW ,7 6WDQIRUG &0 6XUIDFH
0LFURSDWWHUQLQJ RI 3XUH 7LWDQLXP IRU %LRPHGLFDO $SSOLFDWLRQV9LD+LJK (QHUJ\ 3XOVH /DVHU
3HHQLQJ$60(-RXUQDORI0LFURDQG1DQR0DQXIDFWXULQJD
6KHQ1'LQJ+*DR-&U\RJHQLF&XWWLQJRI$=%20J$OOR\IRU,PSURYHG6XUIDFH,QWHJULW\
± 3DUW ,, 3K\VLFVEDVHG3URFHVV0RGHOLQJ RI 6XUIDFH0LFURVWUXFWXUDO$OWHUDWLRQ ,Q3URF RI












;X/:DQJ/&KHQ<&5REVRQ -'3UDQJQHOO 3%(IIHFW RI ,QWHUIDFLDO5HDFWLRQRQ WKH
0HFKDQLFDO3HUIRUPDQFHRI6WHHOWR$OXPLQXP'LVVLPLODU8OWUDVRQLF6SRW:HOGV0HWDOOXUJLFDO
DQG0DWHULDOV7UDQVDFWLRQV$±




)ORZ 6WUHVV DQG 0LFURVWUXFWXUDO &KDQJH LQ +RW )RUPLQJ $60( -RXUQDO RI 0DQXIDFWXULQJ
6FLHQFHDQG(QJLQHHULQJ
=KDQJ & =KX ; /L / $ VWXG\ RI IULFWLRQ EHKDYLRU LQ XOWUDVRQLF ZHOGLQJ FRQVROLGDWLRQ RI
DOXPLQXP ,Q 3URF RI WKH $:6 &RQIHUHQFH  6HVVLRQ  )ULFWLRQ 	 5HVLVWDQFH
:HOGLQJ0DWHULDOV%RQGLQJ3URFHVVHVSS±
=KDR-/L+&KRL+&DL:$EHOO-$/L;,QVHUWDEOHWKLQILOPWKHUPRFRXSOHVIRULQVLWX
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